Metal hydrides are key intermediates in catalytic proton reduction and dihydrogen oxidation. There is currently much interest in appending proton relays near the metal centre to accelerate catalysis by proton-coupled electron transfer (PCET). However, the elementary PCET steps and the role of the proton relays are still poorly understood, and direct kinetic studies of these processes are scarce. Here, we report a series of tungsten hydride complexes as proxy catalysts, with covalently attached pyridyl groups as proton acceptors. The rate of their PCET reaction with external oxidants is increased by several orders of magnitude compared to that of the analogous systems with external pyridine on account of facilitated proton transfer. Moreover, the mechanism of the PCET reaction is altered by the appended bases. A unique feature is that the reaction can be tuned to follow three distinct PCET mechanisms-electron-first, proton-first or a concerted reaction-with very different sensitivities to oxidant and base strength. Such knowledge is crucial for rational improvements of solar fuel catalysts.
T
he energy-efficient production of solar fuels [1] [2] [3] [4] [5] and their conversion into electricity in fuel cells 6, 7 make use of key principles of natural photosynthesis and respiration, and have engaged scientists for decades. At the molecular level, the formation and utilization of a solar fuel such as H 2 involves multiple electron transfer (ET) and proton transfer (PT) steps. To avoid the build-up of charge, the two processes are often interdependent, giving rise to proton-coupled electron transfer (PCET) reactions. These can proceed stepwise, one before the other, or in a concerted fashion where the proton and electron transfer simultaneously. Inspired by the many enzymes that demonstrate exquisite control over PCET reactions 8, 9 , the introduction of proton relays in the second coordination sphere of catalysts has become a popular strategy, aiming to facilitate protonation and deprotonation of metal-bound aqua species (M-OH/M-OH 2 ) 10,11 , hydrides (M-H) [12] [13] [14] or carboxylates (M-CO 2 ) [15] [16] [17] [18] . The exact mechanism by which the proton relays accelerate catalysis is often unclear, but is implicitly assumed to be due to an enhanced probability of proton tunnelling. While tempting, this assumption is far from obvious because of the multistep nature of catalysis, which complicates kinetic analysis, and other factors that may dictate reaction rates. For example, the introduction of pendant proton relays in some transition metal catalysts for O 2 or CO 2 reduction causes large changes in the catalyst reduction potential, or leads to facilitated substrate binding, both of which may be mistaken for proton relay effects 15, 19, 20 . Also, although computational studies have provided valuable insights, it is generally difficult to determine if PCET occurs via a concerted or stepwise mechanism, as in, for example, the much studied NiP 2 N 2 catalysts 12, 13, 21 . For informed and effective catalyst design, it is imperative to disentangle these different phenomena and mechanistic pathways. In this context, we set out to directly measure the acceleration that a proton relay in the second coordination sphere of a metal hydride (M-H) can provide during M-H oxidation 22, 23 . This process is a PCET reaction and a key step in hydrogen oxidation chemistry (Fig. 1) , as found for example in fuel cells, and its microscopic reverse is a key step in proton or carbon dioxide reduction to a fuel.
Proton tunnelling is a non-adiabatic process that is ignored in many theoretical treatments of enzymes and solid-state catalysts, which instead focus on the classical reaction barrier 24, 25 . Yet, efficient proton tunnelling may result in faster rates, beyond those predicted by scaling relationships that appear to place limits on practical catalytic activities 21, 26 . Proton tunnelling does not affect the thermodynamic potentials of chemical transformations, but may increase the reaction rate when PT is involved in the rate-determining step. For example, this has been shown in phenolic model systems in which proton donor and acceptor distance and interaction largely dictate proton tunnelling rates [27] [28] [29] [30] . However, M-Hs typically form no or only weak hydrogen bonds 31 . They are thus generally distinct from typical organic 'Eigen acids' 32 (for example, carboxylic acids, phenols or iminium groups) that have a tendency to form strong hydrogen bonds, have low intrinsic PT barriers, and are well studied for fundamental principles of PCET. Only recently we reported a first example of a concerted PCET from a metal hydride, [CpWH(CO) 3 ] (Fig. 2a) , to external bases and oxidants (Fig. 1c) 
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. The concerted reaction proceeded directly to the products, W
• and H + , without the formation of any intermediates such as W − or W-H + that would be formed in the stepwise mechanisms (Fig. 2b) .
The reaction barrier for the concerted pathway is often lower than for the stepwise mechanisms (see section 'Mechanisms of PCET' below), making it ideal as rate-determining step in catalysis where a low overpotential is desirable. Our previous result was an important proof of principle that a concerted pathway can indeed be realized in M-Hs. Nevertheless, for this particular system the reaction rate was still rather slow. Our hypothesis was that the reaction could be accelerated by suitably appended base groups in the M-H complex. In the present study, we have therefore synthesized a series of cyclopentadienyl tungsten hydride (W-H) complexes that are decorated with pyridine bases of different basicity in their second coordination spheres (3a-e; Fig. 3 ), from the reaction of the corresponding ligands 1a-e with W(CO) 6 (2) . By direct kinetic measurements of the elementary step (Fig.1d) , we show that the rate of PCET can thereby be increased by several orders of magnitude compared to the analogous systems with external pyridine.
The complexes are not catalysts in these reactions, as the M-H is not regenerated, but serve to model a rate-limiting PCET step of a M-H oxidation of a catalyst.
Results and discussion

Mechanisms of PCET.
Three possible mechanisms for PCET in 3a-e should be considered (Fig. 2b) . One is a stepwise, proton-first mechanism (PTET), where intramolecular proton transfer (PT-a) to yield the zwitterion [W − ··· + HPyR] is followed by outer-sphere electron transfer (ET-a). Another stepwise mechanism (ETPT) is electron transfer (ET-b) to generate the [W-H···· + PyR] cation radical, followed by intramolecular PT to the pyridyl group (PT-b). Finally, the third possibility is a concerted electron proton-transfer (CEPT) in a single kinetic step, where both electron and proton tunnel at the same transition state. Equation (1a) is a general expression for the rate constant k i for a single-step CEPT, ET or PT reaction (non-adiabatic limit) 21, 26, 33 where the pre-exponential factor A i is proportional to the electron and/or proton tunnelling probability, ΔG i 0 is the reaction free energy and λ i is the reorganization energy:
The CEPT pathway is thermodynamically favoured because it uses all the available free energy (Fig. 2d ) in a single reaction step. In contrast, the initial steps of the ETPT and PTET are uphill or near isoenergetic, as seen from the E 0 and pK a values for W-H (Fig. 2) , the oxidants and the pyridinium groups (Table 1) . Thus, unless the initial PT-a or ET-b step has much smaller reorganization energy (λ) than CEPT, the activation free energy (Δ G # ) will be lower for the latter mechanism (equation (1b)). Note that the stepwise reactions can never be faster than their initial forward step, so a smaller driving force for the initial step will always be a disadvantage (at moderate driving force, − Δ G i 0 < λ i ). On the other hand, the tunnelling probability of CEPT can be smaller because it involves both electron and proton. A balance between these two factors can often explain the competition between the mechanisms 22 . A strong oxidant tends to favour an ETPT mechanism, while a strong base favours PTET. If both oxidant and base are weak, the overall driving force is small, and CEPT is often the preferred mechanism. This gives the possibility to tune the mechanism by using different oxidants and bases, as we have previously shown for tyrosine and tryptophan residues 29, 34 . Synthesis and characterization. The complexes became available in acceptable isolated yields from the reaction of the corresponding ligands 1a-e and W(CO) 6 (2), followed by protonation ( Fig. 3a; (Fig. 3b) , implying that the intramolecular hydrogen bond [W-H···PyR] in 3a and 3b is very weak. Unless the hydrogen bond is strong, conformations may be populated that arise from rotations around the W-Cp vector and the flexible CH 2 linker. The 1 H-NMR spectra of 3c -e show resonances for the W-H proton that range from − 7.26 ppm to − 6.24 ppm, a downfield shift that is concurrent with a broadening of the peak (Fig. 3b,c) . This is consistent with a stronger intramolecular hydrogen bond [W-H···PyR] for the complexes with stronger pyridine bases.
To evaluate the thermodynamics of PCET (Fig. 2d) (Fig. 4a) . For 3a-e the first anodic peak appears at much lower potential, from − 0.079 V (3a ) to − 0.326 V (3e ), because PT to the appended pyridine base thermodynamically stabilizes the oxidized complex. This shift in oxidation potential correlates well with the differences in pK a values of the isolated units (see pK a (W
versus pK a (pyridinium) = 9.5-14.2). With a Nernstian dependence on this difference in pK a , E peak for a 1e
+ reaction is predicted to shift cathodically when going from [(MeCp)WH(CO) 3 ] to 3e by 0.99 V (Δ pK a = 16.7; 16.7 × 0.059 V = 0.99 V), close to the experimentally observed shift of 1.04 V. Moreover, when comparing the E peak values of 3a-e, a shift by 52 mV per pK a unit of the pyridinium is observed (Fig. 4b ). This suggests that the PCET driving force (-Δ G 
accurate relative values are sufficient for the correlations between rate constant and pK a in Fig. 5 , the absolute Δ pK a values for PT between the metal and pyridine in 3a-e also seem to be predicted within one unit. The infrared spectrum of 3e (Supplementary (Table 1) . 3 ] 22 in the presence of exogenous pyridines. Second-order conditions were applied in all measurements ([3a-e] = [oxidant]), and the reduction of oxidant followed second-order kinetics (rate = k obs [3] [oxidant]) with no significant variation in the rate constant for different initial concentrations ( Supplementary Figs. 26-31 [16] [17] [18] [19] .
PCET kinetics and mechanistic assignments.
The second-order PCET rate constants (k obs ) determined for 3a-e are given in Table 1 . Figure 5 compares the values for 3a-e (coloured symbols) with those for [CpWH(CO) 3 ] and external pyridines reported before (black symbols) 22 . It is clear that k obs is strongly accelerated when the pyridine base is appended in the second coordination sphere (3a-e). 3 ] and pyridine (100 μ M each) showed that 3c reacted ~5,000 times faster ( Supplementary Fig. 22 ). This is the first time that the acceleration of an elementary PCET reaction, caused by a second sphere effect of a metal complex, has been measured in a direct kinetic experiment. The acceleration can obviously be very large, and is due to an increased probability of proton transfer. For 3c the rate corresponds to that estimated for [(MeCp)WH(CO) 3 ] at ∼ 1 M external pyridine ( Supplementary Fig. 23 ), and even more for 3d . The effect is not just that of an increased local base concentration, however, because the mechanism changes between the systems with external and internal pyridines, as described in the following.
The reactions of 3a-e fall into two mechanistic regimes, the first of which contains the reactions with the two weakest oxidants. With [Fe((MeO) 2 bpy) 3 ] 3+ (coloured squares), k obs increases by a factor of 10 for each pK a unit increase of the pyridinium ( Fig. 5 ; slope = 1.03), which strongly suggests that an initial PT pre-equilibrium operates (k obs = K PT × k ET-a ). The observed kinetic isotope effect (KIE = k H /k D ), determined with the W-D analogues of 3a-e, ranges between 0.14 and 0.38. The KIE should mainly be an equilibrium isotope effect for intramolecular PT (PT-a, Fig. 2b) PTET:
PT-a pK a = 16.1 (16.5) PTET: 41, 42 . b, 1 H-NMR spectra (CD 3 CN) in the W-H region of complexes 3 at 25 °C; the broad signals for 3d and 3e have been multiplied by a factor of 10 and 100, respectively, to be visible in the plot. Peak integrals corresponds to one proton in each of the complexes. c, Plot of δ WH in complexes 3 (from data in b, estimated accuracy ± 0.01 ppm for 3a-d, ± 0.1 ppm for 3e ) at 25 °C versus pK a of the corresponding pyridinium residue ( Table 1) . The shift as a function of base strength is attributed to hydrogen bonding. Lines are linear fits to the data for 3a-c and 3c-e, respectively. oxidant, the fitted line (blue solid line) shows a slope of 0.56, which is much smaller than that of a pre-equilibrium PTET reaction. Instead, the slope is similar to what is expected for the free energy dependence of CEPT at moderate driving force (equation (1)). Finally, a PT-limited PTET could also give KIE > 1, reflecting a lower tunnelling probability for the deuteron. Nevertheless, this mechanism can be excluded, because this kinetic limit requires the reverse intramolecular PT to be slower than the subsequent bimolecular ET with the oxidant: , which is smaller than the observed rate constant k obs . If k obs were equal to k PT , the latter uphill step would be faster than the downhill reverse reaction (k -PT ) in obvious contradiction with the PT equilibrium. Thus, we can safely assign the mechanism for 3a,b to CEPT.
However, when [Ru(Me 2 bpy) 3 ] 3+ reacts with 3c (yellow triangle) KIE = 0.28, which means that increased basicity of the pendant group can easily turn the mechanism from CEPT to PTET. This also means that the CEPT rate constant for 3c,d with the strong oxidant is lower than that observed, so that the slope of 0.56 of the blue solid CEPT line is an upper limit. We propose that the slope instead should be similar to that for the CEPT reaction of [CpWH(CO) 3 ] with external pyridines (black squares, slope = 0.38) 22 . From equation (1), and with a change of 0.059 eV per pK a unit, the slope should be 0.51 around Δ G 0 = 0 (if contributions from excited proton vibrational states are fairly constant 26 3+ . ] radical, which undergoes rapid further oxidation and/or dimerization, depending on conditions (see Supplementary Section 'Electrochemistry') 32, 38 . In 3a-e the first anodic peak appears at much lower potential because PT to the appended pyridine base thermodynamically stabilizes the oxidized complex. Similar effects have been shown with addition of exogenous pyridines to [CpWH(CO) 3 ]
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, and for hydrogen-bonded phenols 43 . The larger peak current for [(MeCp)WH(CO) 3 ] than for 3a-e is in agreement with a net two-electron oxidation at this potential, whereas 3a-e is only oxidized by one electron at E < 0 V versus Fc
. b, Plot of E peak for 3a-e (from data in a, estimated accuracy ± 10 mV) versus pK a of the corresponding free pyridinium residue (scan rate = 0.1 V s
−1
). The straight line is a linear fit to the data with a slope of − 52 mV per pK a unit, showing the near-Nernstian dependence on pK a that is expected for a protoncoupled oxidation (1e − /1H + ). is from a previous report 22 , and additional data were collected for the ETPT reactions (inverted black triangles, Supplementary Table 3, NB, no base added) 22 . Lines show linear fits to the data with the weakest (coloured squares) and the strongest (coloured inverted triangles) oxidant for 3a-e (solid lines) and [CpWH(CO) 3 ] (dashed lines). The lines are labelled with our mechanistic assignment: concerted (CEPT) or stepwise (PTET or ETPT); see main text. KIE values are indicated next to the data points (Table 1) and support our assignments, as explained in the main text. Data are averages from at least five kinetic traces, and the standard deviation is smaller than the size of the data points. Note that k obs values for 3c (yellow) and 3d (green) with the three strongest oxidants are very similar, so the data points are practically on top of each other.
Our mechanistic assignments are also consistent with the variation of k obs with oxidant strength for each individual complex 3a-d (Fig. 5 and Supplementary Figs. 35-40 ). For complexes with stronger bases (3c,d, yellow and green symbols), k obs is almost the same for the three strongest oxidants, and only slightly smaller with the weakest one. This is expected for a PTET reaction (k obs = K PT × k ET-a ) because oxidation of the anion [(R-Cp)W(CO) 3 ] − is exergonic enough (− Δ G 0 ET-a ≥ 0.7 eV, Table 1 ) that k ET-a is near the activationless regime (− Δ G 0 ≈ λ; equation (1)). The rate is then less sensitive to further increases in driving force, and the data points for each oxidant with 3c,d lie close to each other. For 3a,b (red and orange symbols), the weakest oxidants give analogous results, but when the two stronger oxidants are used, k obs becomes much higher because the mechanism has changed to CEPT. This can be understood from the fact that the rate of CEPT is more strongly dependent on E 0 ox (equation (1)) than PTET, and CEPT now provides a faster reaction pathway.
Interestingly, the reaction of [CpWH(CO) 3 ] and externally added pyridines with the same oxidant [Ru(Me 2 bpy) 3 ] 3+ (black inverted triangles) was ET-limited ETPT, even in the presence of the strongest pyridine base used, as shown in our previous report 22 . This is seen from the fact that k obs does not change when pyridines are added (red dashed line, slope = 0). For these reactions KIE = 1.0, consistent with an ET-limited reaction. Thus, in addition to steering the mechanism by varying the strengths of oxidant and base, the intramolecular systems 3a-e facilitate PT by subtle differences in the intramolecular hydrogen bond structure compared to the intermolecular encounter complex of [CpWH(CO) 3 ] and the pyridines (Supplementary Table 5 ). With weak oxidants (circles and squares) proton transfer is favoured to an extent that PTET becomes the main mechanism for 3a-e, in contrast to the CEPT mechanism observed for the corresponding reactions with the external pyridines (black squares).
Conclusions
We have demonstrated a large acceleration (by up to more than 10 4 times) of PCET reactions in M-H complexes with pendant basic proton relays as compared to bimolecular systems. The presence of covalently attached bases facilitates PT, and alters the preferred PCET mechanism, compared to the reaction with the same pyridines as external bases. Moreover, Fig. 5 shows the distinctly different dependences of the rate constants on the base strength for PTET (slope = 1), CEPT (slope ≈ 0.5) and ETPT (slope = 0); corresponding differences in dependence on the oxidant strength were discussed above. With the support of KIE data, a clear assignment of the PCET mechanism under different conditions is possible. Thus, we show here, for the first time, a single species reacting via all three pathways (CEPT, ETPT and PTET). This is an impressive illustration of the potential to tune the mechanism and the rates via facilitated PT, which is important for designing faster and more efficient catalysts of solar fuel production or fuel cells.
As our data show, a stronger oxidant or base tends to favour ETPT or PTET, respectively, but if both are weak, CEPT often provides the fastest mechanism; the balance points in potential and basicity depend on the individual system. Facilitated PT by a wellpositioned base will accelerate not only CEPT but potentially also the PT step of PTET, as illustrated by 3a-e and the weak oxidants. Figure 5 shows the importance of understanding the PCET mechanism under operation to optimize catalyst design, as a change in base or oxidant strength will give very different results for the different mechanisms. Our results and the underlying principles should be generally applicable to solar fuel catalysts with widely different metals and structures, as well as serve as models for the interpretation of kinetic data from enzyme mutation experiments.
Methods
Synthesis of complex 3a. In a glovebox, 1a (1.06 g, 4.03 mmol, 1.0 equiv.) was sealed in a Schlenk tube. Under positive argon flow, W(CO) 6 (2, 1.42 g, 4. 03 mmol, 1.0 equiv.), THF (5 ml) and DMF (10 ml) were separately added very quickly into that Schlenk tube, which was equipped with an oven-dried cold finger. The reaction mixture was then degassed by freezing-pump-thaw three times under positive argon. After refluxing the reaction mixture at 130 °C for 2 h, it was cooled to room temperature, and DMF was removed under vacuum overnight at room temperature to yield a dark brown oily residue.
The Schlenk tube was moved into an oxygen-free wet glovebox. The oily residue was dissolved in deoxygenated NaOH aqueous solution (0.5 M, 16.10 mmol, 4.0 equiv.) to yield an orange-yellow solution. The solution was washed with degassed Et 2 O three times to remove organic impurities. After being filtered, the aqueous layer was acidified with deoxygenated acetic acid aqueous solution (2 M), drop by drop, until the pH of the mixture reached about 7-8. The colour of the mixture turned from transparent brown to milky yellow, and a dark brown oil-like organic phase was observed in the bottle of the Schlenk tube. The mixture was extracted by dry degassed Et 2 O three times, and the organic phases were filtered and transferred into another oven-dried 100 ml Schlenk tube. The solvent of the combined organic phase was removed under vacuum at room temperature, and the obtained yellow solid was extracted by pentane (40 ml, three times). A bright orange solid was obtained as the product after pentane was removed under vacuum, and this could be further purified by recrystallization in pentane at − 35 °C (light yellow needle-like crystals, 471 mg, 23.7%). Complexes 3b-e were synthesized under the same procedure. Their detailed synthetic procedures and characterization, including NMR, IR, LR-ESI-MS, HR-ESI-MS, EA, X-ray metrics, cyclic voltammograms and details of their computational studies are provided in the Supplementary Information.
Kinetic measurements of the oxidation of complex 3. Oxidation (ET or PCET) of complex 3 was examined at 25 °C using a Hi-Tech Scientific SF-51 stopped-flow set-up equipped with a halogen light source, a monochromator, a 0.2 cm quartz cell and a photomultiplier detector connected to an oscilloscope. All solutions of complexes 3 were freshly prepared in a glovebox under an argon atmosphere. The solutions of the oxidants were prepared by exhaustive electrolysis of the corresponding reduced species at a required concentration in 0.1 M Bu 4 NPF 6 / CH 3 CN in the glovebox under an argon atmosphere. A large-surface-area platinum grid was used as the working electrode and, the platinum counter electrode was separated from the bulk solution by a glass frit. The solutions of both reactants were transferred with gas-tight syringes to the inert gas chamber of the stoppedflow spectrofluorimeter as soon as possible for measurement of kinetic traces under positive argon flow. Inside the inert gas chamber, silicon gel was used as both the desiccant and blue humidity indicator. Every rate constant was obtained after five to seven repeats, and its uncertainty (s.d.) was estimated to be less than 10%.
Methods of purification quality control of the chemicals, typical time traces, as well as fitted plots and residuals are provided in the Supplementary Information. Data availability. All data generated and analysed during this study are available from the authors upon reasonable request. Atomic coordinates and structure factors for the reported crystal structures have been deposited in the Cambridge Crystallographic Data Centre (CCDC, https://www.ccdc.cam.ac.uk/structures/) under accession codes 1552847, 1552848 and 1552849. Full experimental details and crystallographic analysis are provided in the Supplementary Information.
